Patients with malignant hypertension (MHT) have persistent vascular dysfunction and a much worse clinical prognosis than non-MHT hypertensive patients, despite good long-term blood pressure (BP) control. We hypothesized that abnormal arterial (arterial elastance (Ea); arterial elastance index (EaI)) and ventricular (End-systolic elastance (Ees) and End-diastolic elastance (Eed)) elastances are present in treated MHT patients, compared with non-MHT hypertensive controls. Echocardiographic parameters of cardiac and vascular stiffness (EaI, Ees and Eed) were quantified in patients with stable MHT and treated 'high-risk' hypertension patients (HHT, but non-MHT). All patients had well-controlled BP, with a median follow-up time for MHT of 144 months. Ea was calculated from stroke volume and systolic BP and adjusted by body area (EaI). Ees was calculated using systolic and diastolic BP, stroke volume, ejection fraction, time intervals and estimated normalized ventricular elastance at arterial end diastole. Eed was calculated from Doppler parameters and the diastolic filling volume. Both study groups had preserved left ventricular contractility, with no significant differences on 3D-echocardiography (P ¼ 0.10) There were no significant differences in EaI (P ¼ 0.83), Ees (P ¼ 0.32), Eed (P ¼ 0.23) and arterial-ventricular interaction (Ees/Ea, P ¼ 0.69). In the MHT group, Eed positively correlated with age (r ¼ 0.56, P ¼ 0.38) and systolic BP (r ¼ 0.68, P ¼ 0.008). On multivariable regression analysis, MHT status was not predictive of the ventricular and Ea. Despite documented vascular dysfunction in patients with previously diagnosed stable MHT, the arterial and systolic elastances were similar to HHT patients, suggesting that adequate BP control in MHT patients allows preservation or restoration of normal arterial-ventricular coupling.
INTRODUCTION
Impaired elastic properties of the heart and vessels are emerging as critical elements of cardiovascular pathology. It is accepted that large arteries are not merely passive conduits of blood but rather contribute actively to a variety of cardiovascular functions. 1 The stiffening of large arteries parallels arterial hypertension and is linked to accelerated atherosclerosis. 1 Similarly, abnormalities of cardiac relaxation alter intracardiac hemodynamics and are a key pathophysiological component of heart failure with preserved systolic function. [2] [3] Arterial and cardiac stiffness are determined by various factors, such as the composition of the extracellular matrix, the tonus of arterial smooth muscles and the relaxation pattern of cardiomyocytes. Progressive hyperplasia/hypertrophy of smooth and cardiac muscle and excessive collagen deposition are directly involved in a self-perpetuated vicious cycle of high-stiffness-associated cardiovascular dysfunction (for example, hypertension and cardiac diastolic dysfunction). 4 Large arteries with preserved elastic properties are able to stretch during systole, thus retaining some of the blood volume to be returned to the circulation during diastole. This reduces cardiac cycle-dependent fluctuations in blood pressure (BP), reduces cardiac afterload and improves coronary perfusion pressure during diastole. Increased vascular and left ventricular (LV) stiffening on the other hand may lead to an alteration in ventricular-arterial coupling, which can be assessed reproducibly by echocardiographic measurement of arterial and cardiac elastance. 5, 6 Indeed, in patients with the same systolic function, an adverse prognosis can be identified by susceptibility to a loading change, such as an increased preload or afterload. 5 This vulnerability to an acute loading change is determined by ventricular stiffness and the end-systolic ventriculo-arterial interaction. 6 Malignant phase hypertension (MHT) is the most severe form of hypertension associated with poor prognosis despite modern antihypertensive treatment. 7 We have recently shown that MHT patients have a number of specific pathophysiological features, which differ from those of non-MHT patients, such as persistent endothelial dysfunction and increased pulse wave velocity despite satisfactory BP control. 8 Although the abnormalities of arterial and cardiac properties in essential hypertension are well recognized, the status of arterial and cardiac elastance in treated MHT have not yet been explored.
In this study, we tested the hypothesis that abnormal arterial (arterial elastance (Ea); arterial elastance index (EaI)) and ventricular (end-systolic elastance (Ees) and end-diastolic elastance (Eed)) elastances are present in treated MHT patients, compared with non-MHT hypertensive controls.
METHODS
We recruited consecutive eligible patients with a prior history of confirmed MHT. The diagnosis of MHT was clinically defined by severe hypertension with the characteristic ocular fundal changes detected by fundoscopy and retinal photography: bilateral retinal hemorrhages, cotton wool spots or exudates, with or without papilloedema. 9 Peak levels of BP in the MHT group have been registered at presentation and were 238 ± 20.8 mm Hg for systolic BP and 157 ± 19.2 mm Hg for diastolic BP, but the BP was generally well controlled with mean systolic and diastolic BP during follow-up since the diagnosis 138.1 ± 10.1 mm Hg and 88.0 ± 6.2 mm Hg, respectively. The average duration of MHT prior the recruitment was 144 ± 108 months.
Initially we identified a group of 101 with MHT from our MHT database who met the study inclusion criteria. 8 Of these, 40 patients undergoing regular outpatient follow-up did not have exclusion criteria specified below and were invited to take part in the study-only 15 patients consented to take part, which fulfilled our a power calculation (see below, n ¼ 15 needed in the MHT group). The relatively small proportion of patients consented for the study was thought to be because of planned stress myocardial contrast echocardiography to exclude coronary artery disease required as part of the study protocol. 8 The study was approved by the local research ethics committee and written informed consent has been obtained from all participants.
Patients with MHT were compared with 28 age and consecutively recruited sex matched patients with treated 'high-risk' hypertension (HHT) as 'disease controls' . As in recent clinical trials, 10 HHT was defined by the presence of established hypertension (but non-MHT) with one or more of the following cardiovascular risk factors: LV hypertrophy using Sokolow-Lyon or Cornell voltage criteria on 12-lead electrocardiogram, age 455 years, peripheral vascular disease or with a known family history of coronary artery disease. We excluded subjects with known underlying renal, renovascular or adrenal causes for their hypertension. Other exclusion criteria were coronary artery disease, valvular heart disease, LV dysfunction (ejection fraction o50%), diabetes mellitus, liver disease, serum creatinine 4200 mmol l À1 , malignancy, recent (o3 months) arterial or venous thromboembolic disease, active infections and/or a history of inflammatory or connective tissue disorders.
All study subjects abstained from smoking, alcohol, tea and coffee for 24 h before the study. Hypertensive subjects were advised to omit their medications on the study day, as prolonged treatment omission was deemed unethical. All scans were performed in a quiet, darkened, temperature controlled room after patient rested for 15-20 min.
Echocardiography
All subjects underwent M-mode, two-dimensional echocardiography, tissue Doppler imaging and three-dimensional (3D) echocardiography using Phillips iE33 ultrasound machine (Bothel, WA, USA). Modern off-line QLAB software (Xcelera, Phillip (iE33) Ultrasound Quantification Module) was used for quantification of LV function. All parameters were measured in triplicate and averaged. Two-dimensional and color Doppler imaging was performed to screen for hemodynamically significant (more than moderate regurgitation or more than mild stenosis or prosthetic valve) valve disease. LV ejection fraction was assessed by 3D echocardiography. Measurements of arterialvascular interaction were made in accordance with previously validated methodologies. 11, 12 To calculate effective EaI we calculated effective Ea from stroke volume (by 3D echocardiography) and systolic BP and adjusted by body area. Ees was calculated using systolic and diastolic BP, stroke volume, preejection and total-systolic times. End-diastolic elastance (Eed) was estimated from the ratio of mitral inflow early-diastolic filling velocity to the mitral annular early-diastolic tissue Doppler imaging velocity (E') divided then by volume filling during diastole. In the absence of significant aortic regurgitation, stroke volume can be used as an indicator of ventricular filling volume. The ratio arterial-ventricular interaction (Ea/Ees) was calculated. The inter-and intra-observer variability for echocardiography parameters was assessed (n ¼ 10) and calculated as 11% and 6.8%, respectively.
Power calculations
On the basis on our previous work on arterial stiffness, preliminary analysis of parameters of elastance in normotensive individuals, we calculated that a sample size of at least 15 patients in each group would have an 80% power to detect a significant difference X0.5 s.d. 8 
Statistical analyses
Stepwise linear regression analyses were used for multivariate analyses. Using univariate linear regression analysis, we established individual predictors of the parameters of elastance including the predictive value of MHT vs. HHT in the total study population. This was followed by stepwise multivariate analysis, where predictive role of MHT vs. HHT status for the elastance parameters was assessed after the adjustment for age plus significant predictors identified by the univariate analysis. A P-value of o0.05 was considered statistically significant. SPSS 17 (SPSS Inc, Chicago, IL, USA) statistical software was used to perform the statistical analyses.
RESULTS
We recruited 15 MHT patients (mean age 53.1 ± 12.9 years, 73% male) and 28 HHT patients (age 47.9 ± 12.2 years, 61% male). The two study groups were comparable in age, sex and body mass index (Table 1 ). The hypertensive groups had a similar profile of cardiovascular risk factors, and systolic and diastolic BP. Both study groups had preserved LV contractility (P ¼ 0.10) MHT vs. HHT on 3D echocardiography.
Vascular-ventricular interactions
No significant differences were observed between the two groups in EaI (P ¼ 0.83), Ees (P ¼ 0.32), Eed (P ¼ 0.23) or arterial-ventricular interaction (Ea/Ees, P ¼ 0.69) ( Table 2 ). In the MHT group, Eed was positively correlated with age (r ¼ 0.56, P ¼ 0.38) and systolic BP (r ¼ 0.68, P ¼ 0.008) (Figure 1 ).
Univariate and multivariate analysis
Univariate analyses for the predictors of elastance parameters are shown in Table 3 . On multivariate stepwise linear regression analysis of the predictive value of MHT vs. HHT status for the elastance parameters, MHT status was not predictive of Ea/Ees (b coefficient 0.70, P ¼ 0.63), EaI (b coefficient 0.13, P ¼ 0.30), EeS (b coefficient 0.04, P ¼ 0.73) or EsD (b coefficient À0.30, P ¼ 0.84).
DISCUSSION
In this study we show for the first time that the cardiac and Eas in patients with controlled MHT are comparable to those with 'high-risk' hypertension. Thus, despite documented vascular dysfunction in patients with previously diagnosed stable MHT, the arterial and ventricular elastances were found to be similar to 'high-risk' non-MHT hypertensive patients.
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The method used in the study represents an advance in the assessment of elastic cardiovascular properties. This echocardiographic approach has been validated by direct comparisons with invasive analysis of pressure-volume curves. 11, 12 The non-invasive nature of the method makes it suitable for clinical use and for monitoring of treatment effectiveness, leading to its growing popularity among researchers.
Measures of Ea reflect the artery's ability to expand and contract in synchrony with cardiac pulsation and relaxation. Cardiac elastance depends on different factors such as increased LV mass, reduced myocyte content, increased collagen deposition and cross-linking. 13 Additionally, cardiac elastance is affected by LV systolic contraction and diastolic relaxation. This is particularly relevant to the hypertensive heart, when passive structural and geometric changes significantly increase Ees. The hypertensive heart is also characterized by progressive fibrosis and cross-linking of collagen as well as by vascular stiffening. 14, 15 At a certain stage, these abnormalities result in increased BP, cardiac afterload and diastolic dysfunction. 15, 16 These changes are also reflected by elevation in the end-systolic pressurevolume ratio accompanied by a rise in Ees and a reduction in stroke volume and further progression of the diastolic dysfunction via impaired and raised diastolic pressure. 17 Additionally, high Ees accompanied by diastolic dysfunction can increase myocardial oxygen consumption, thus limiting myocardial perfusion reserve. 15 Of interest, the results of this study showing no significant change in Ees in MHT vs. essential hypertension, which accords with the previous observation of preserved myocardial perfusion reserve in MHT despite impairment of endothelial dysfunction. 8 The Ea/Ees ratio represents ventriculo-arterial stiffening or afterload-adjusted contractility of the cardiovascular system. 16 Appropriate coupling of the heart to the artery can be interpreted in several ways.
Firstly, it can be considered as effective transfer of blood from the heart to the peripheral circulation without excessive changes in BP. Secondly, it can be viewed as an optimal cardiovascular flow reserve for a defined arterial pressure. The interaction of the heart with the arterial system (ventricular-arterial coupling) is a key determinant of cardiovascular performance. 16, 18 EaI reflects both mean resistive and pulsatile load and it is influenced by the heart rate.
Ventricular-arterial coupling is expressed by the Ea/Ees ratio. 18 Under normal circumstances, the Ea/Ees ratio varies from 0.5 to 1.0, a range where cardiac work and efficiency are optimized. 16, 18 It is well recognized that changes in contractile performance alter Ees, but Ees is also influenced by chamber geometry and by factors that alter the passive stiffness of the myocardium. 11, 18, 19 The values for the Ea/Ees ratio obtained in both study groups are within the above range and 
Limitations
The study groups are fairly small in size because of scarcity of patients with MHT and strict inclusion/exclusion criteria employed in the study. Nevertheless the analyzed groups are well matched for most demographic and clinical parameters and meet the minimal requirements of the power calculation.
Conclusion
The study results indicate that despite previously reported abnormalities in endothelial functionality and pulse wave velocity patients with MHT and fairly well-controlled BP have values of the cardiac and Ea comparable to those with 'high-risk' hypertension. These results suggest that adequate BP control in MHT patients allows preservation or restoration of normal arterial-ventricular coupling. 
